Thin Nb 2 O 5 films with tunable porosity are deposited by the sol-gel and evaporation induced self-assembly methods using organic template Pluronic PE6100 with different molar fractions with respect to NbCl 5 used as a precursor for synthesis of Nb sol. Surface morphology and structure of the films are studied by Transmission Electron Microscopy and Selected Area Electron Diffraction. The optical characterization of the films is carried out through reflectance spectra measurements of the films deposited on silicon substrates and theoretical modeling in order to obtain refractive index, extinction coefficient, and thickness of the films. The overall porosity of the films and the amount of adsorbed acetone vapors in the pores are quantified by means of Bruggeman effective medium approximation using already determined optical constants. The sensing properties of the samples are studied by measuring both the reflectance spectra and room-temperature photoluminescence spectra prior to and after exposure to acetone vapors and liquid, respectively. The potential of using the studied mesoporous Nb 2 O 5 films for chemooptical sensing is demonstrated and discussed.
Introduction
In recent years, Nb 2 O 5 emerges as a multifunctional material due to its interesting properties such as electrochromic behavior [1] , photoelectric and photocatalytic activity [2] , excellent chemical stability, and corrosion resistance in both acidic and alkaline media [3] . Besides, many applications in photonics demand high refractive index materials with good optical quality and negligible scattering. Thus, various innovative applications have been developed and thin Nb 2 O 5 films have found applications in photonics for improving the optical performance of different devices such as optical filters [4] , waveguide-based optical circuits [5] , and transparent conductive electrodes [6] . A number of novel applications of Nb 2 O 5 films rely on the ability to deposit high quality films using relatively simple and inexpensive techniques such as sol-gel and spin or dip coating. The sol-gel method attracts considerable scientific attention because of its versatility, low cost, and low temperature processing [7, 8] . Besides, it allows control of the microstructure of the coating and produces durable and chemically stable films. Moreover, the versatility of the sol-gel process to prepare porous film has an additional advantage to be exploited.
Mesoporous materials (pore diameter in the range of 2-50 nm) have attracted the scientific interest due to their remarkable properties and potential applications in many advanced areas such as drug delivery systems, sensors, catalysis, photovoltaic cells, and fuel cells [9] . One attractive application of the mesoporous films can be realized when they are incorporated in one-dimensional stacks (Bragg stacks) as high refractive index building blocks [10, 11] . In this case, an optical sensing could be realized on the basis of refractive index change due to the condensation of vapors in the pores [12] [13] [14] .
Among several methods of porous films fabrication, the evaporation-induced self-assembly (EISA) process is the most advantageous because it offers good reproducibility and the reactions are finely controlled without any special techniques simply by changing sizes of the used templates and mole ratios of template to inorganic species [15] [16] [17] . Block copolymers are very attractive materials as soft-templating agents because they tend to self-assemble into micelles whose morphology and size depend on block composition and solution parameters [18, 19] . Recently, we have shown that it is possible to control and optimize the optical and sensing properties of mesoporous Nb 2 O 5 by changing the porosity degree and free volume fraction inside the films through varying the molar ratio of organic template (PE6800, BASF) and NbCl 5 used for preparing the Nb sol [20] . An improvement of sensing properties of mesoporous films is demonstrated as compared to the dense films (films prepared without template). However, despite the high volume fraction of free space inside the films (around 50%), only small amount of acetone is adsorbed (1.5%). Bad interconnectivity of the pores and their encapsulation inside the film are discussed as probable reasons for the weak response. In order to improve the sensing properties of thin Nb 2 O 5 films, we intend to use Pluronic PE6100 as an organic template. As compared to PE6800, this template has four times lower molecular weight and 8 times lower percentage of polyethylene glycol (PEG) in the molecule. Moreover, in contrast to PE6800, PE6100 is insoluble in hydrochloric acid. Considering that Nb sol used for the preparation of the films consists of some amount of hydrochloric acid left as a side product from the synthesis, we expected PE6100 to lead to stronger porosity.
In the present paper, we study thin Nb 2 O 5 films with tuned porosity prepared by the sol-gel and evaporationinduced methods using Pluronic PE6100 as an organic template. In order to tailor the porosity, different molar fractions of PE6100 with respect to NbCl 5 are used. Optical properties and thickness of the films are calculated from measured reflectance spectra through nonlinear curve fitting. Bruggeman effective medium approximation is applied for estimation of the overall porosity of the films and the amount of adsorbed acetone vapors in the pores. Reflectance spectra and room-temperature photoluminescence spectra collected prior to and after exposure to acetone are used for proving the sensing abilities of the films. The potential of using the studied mesoporous Nb 2 O 5 films for chemooptical sensing is demonstrated and discussed.
Materials and Methods
Thin niobia (Nb 2 O 5 ) films were prepared by spin-coating (3000 rpm, 30 s) of Nb sol and subsequent high temperature annealing at 320 ∘ C for 30 min at 5 ∘ C/min acceleration rate [8] . The Nb sol was synthesized by a sonocatalytic method using 0.400 g NbCl 5 (99%, Aldrich) as a precursor, 8.3 mL ethanol (98%, Sigma-Aldrich), and 0.17 mL distilled water [8] .
The synthesis of mesoporous films was carried out through an evaporation-induced self-assembly method using organic template Pluronic PE6100 (BASF). PE6100 is a block copolymer in which the central polypropylene glycol group (PPG) is flanked by two polyethylene glycol groups (PEG). The molar mass of PPG and its percentage in the molecule are 1750 g/mol and 90%, respectively. The mass ratio of template to NbCl 5 for different samples is given in Table 1 . After deposition, the template is eliminated by annealing at 320 ∘ C for 30 min at 5 ∘ C/min acceleration rate. The surface morphology and structure of the films were studied by Transmission Electron Microscopy (TEM) and Selected Area Electron Diffraction (SAED) using HRTEM JEOL JEM 2100 (Japan) microscope.
The optical properties (refractive index ( ) and extinction coefficient ( )) along with the thickness ( ) of the films were determined from reflectance spectra of the films measured at normal light incidence by UV-VIS-NIR spectrophotometer Cary 05E (Varian, Australia) using nonlinear curve fitting method [8] . The experimental errors for , , and are 0.005, 0.003, and 2 nm, respectively.
Photoluminescence spectra of the films were measured at excitation wavelength of 325 nm in the range of 340-640 nm using Fluorolog-3 spectrofluorometer (Horiba/Jobin-Yvon, France).
The vapor sensing measurements of the films were implemented in a Cary 05E spectrophotometer equipped with a homemade bubbler system for generation of vapors from liquids with controlled concentrations [11] . Reflectance spectra of the samples were measured before and after exposure to the vapors. Figure 1 shows typical TEM images of the dense samples deposited without organic template (Figure 1(a) ) and porous one obtained with addition of PE6100 in ratio of PE6100 : NbCl 5 = 0.07 : 1 ( Figure 1(b) ). The comparison of morphology shows that the template leads to the formation of pores in the mesosize range arranged nonperiodically. The SAED diffraction (shown as insets) had proven that all samples were amorphous. This result is consistent with our previous studies of sol-gel Nb 2 O 5 films that revealed amorphous structure for film annealed at 320 ∘ C and crystalline one when films are annealed at 450 shift of the minima with increasing of the Pluronic concentration. The measured spectra were further used for calculation of refractive index ( ), extinction coefficient ( ), and thickness ( ) of the films. Figure 2 (b) presents the dispersion curves of refractive index for the films with different amount of PE6100. All curves exhibit normal dispersion ( decreases with increasing of wavelength of light) that is expected for spectral region of slight absorption. With increasing the amount of PE from 0 to 0.07 (Table 1) , a substantial decrease in from 2.198 to 1.615 measured at 600 nm is observed. It is interesting to note that further increase of PE from 0.07 to 0.14 does not lead to additional significant change of . The next decrease in is observed for value of PE of 0.23: changes from 1.668 to 1.507. No further reduction of for s5 is noticed although PE increases twice as compared to s4.
Results and Discussions
The obtained dependencies for are consistent with the data calculated for the films thickness. It is well known that refractive index is proportional to the density of films. It is seen from Table 1 that the biggest change of thickness (225%) is observed for the ratio 0.07 : 1. The increase in thickness is associated with reduction of density. Thus, the biggest decline in is expected for the ratio 0.07 : 1. For further increase of the PE6100/NbCl 5 ratio, the change in is less than 35% which means weaker reduction of density. This is the reason for big decrease of for s2 (27%) and the smaller change for s4 and s5 (less than 10%).
The comparison between the results obtained for PE6100 and our previous results concerning porous films deposited with PE 6800 as a template [20] shows different behavior of , , and when different templates are used. In the case of PE 6800, the refractive index and thickness gradually change with Pluronic concentration. In contrast, PE 6100 results in a stepwise decrease in and increase in . In order to estimate and compare the degree of porosity of the studied films, we calculated the free volume fractions in the films using Bruggeman effective medium approximation (BEMA). More details could be found elsewhere [20] . Briefly, the idea is to regard the porous film as an effective medium consisting of dense Nb 2 O 5 and voids filled with air. The effective dielectric constant depends on the dielectric constants of the phases presented and their volume fractions:
where and air are the dielectric constants of dense Nb 2 O 5 and air, respectively, and = / tot and air = air / tot are their volume fractions (with and air being the volumes occupied by dense Nb 2 O 5 and air, resp., tot = + air is the total volume of the film). For clarity, it is important to note that the two parameters and are related as follows: = 2 . Thus, using the already determined values of refractive index (sample s1) and (samples s2, s3, s4, and s5) ( and , resp.) (Figure 2(b) ) and considering that air = 1, the volume fraction of the voids air for each sample (s2, s3, s4, and s5) is calculated from (1) and presented in Table 1 . It is seen from Table 1 that the free volume of the films varies from 40 to 55% with the biggest rise from 0 to 46% for the ratio of 0.07 (sample s2). Considering the significant increase of thickness (more than 200%) for s2, this result is not surprising.
The comparison between the porosity values for mesoporous Nb 2 O 5 films obtained with different types of templates shows that in the case of PE6100 a significant amount of free volume is achieved for smaller ratios of PE6100 : NbCl 5 . For example, for the lowest ratio studied (0.07 : 1), the free volumes in the samples are 46% and 22% when using PE6100 and PE6800, respectively. Thus, we concluded that more PPG in polymer molecule favors the generation of stronger porosity as compared to the case when PEG is prevailing.
It is seen from Table 1 that extinction coefficient decreases slightly with Pluronic addition. Considering that the amount of free volume increases with the amount of template added, it may be expected that for porous films the volume ratio of absorbing phase decreases, thus resulting in slightly smaller effective absorption.
The next step of our investigation concerns sensing properties of the samples. Purposely, the reflectance spectra of the samples are measured prior to and after exposure to acetone vapors at relative pressure / 0 = 1 ( 0 is the pressure of saturated vapors at zero degrees) generated from liquid using homemade bubbler system [11] . In order to make a comparison between samples, the exposure time is kept constant for all samples. The particular length of exposure is chosen to be 300 s. The values of reflectance changes Δ Ac = abs( Ac − Air ) (with Air and Ac being reflectance spectra before and after acetone exposure, resp., and "abs" denoting absolute value) are presented in Table 1 and Figure 3(a) with the respective errors. No change of is observed for dense Nb 2 O 5 . For porous films, a stepwise increase of Δ Ac with Pluronic concentration is obtained: Δ Ac changes from 0 to 0.6% for samples s2 and s3 and to 1.1% for s5 and s6. The reason for the change in reflectance is acetone vapor condensation in the pores and replacement of the air inside with acetone with higher refractive index. As a result, the effective refractive index of the films increases leading to subsequent change in (the sign of the change depends on the optical thickness/wavelength ratio).
From the viewpoint of comparative investigation, it is more convenient to calculate the absolute change of refractive index Δ Ac using the already measured Δ Ac . Considering that is a function of , , and and assuming negligible changes in and due to acetone vapor exposure, we determine Δ Ac from the following:
where Ac / and Δ Ac are the partial derivatives of Ac with respect to and the absolute change in , respectively. The partial derivatives of Ac with respect to are calculated numerically using
where 1 and 2 are reflectance values calculated for two different values of refractive index ( ( ) + ) and ( ( ) − ), where (= 10 −9 ) is very small deviation from ( ) ( ( ) is the refractive index of the film after exposure to acetone). Figure 3 (b) presents the calculated values of Δ Ac in both cases of using PE6100 and PE6800 as templates. Similar to the previous dependencies, a stepwise change of Δ Ac is observed when PE6100 ratio increases gradually from 0.07 to 0.46: Δ Ac changes from 0 to 0.014 for s2 and s3 and to 0.028 for s4 and s5. The comparison with our previous results obtained with PE6800 (shown in Figure 3 (b) as dark grey column bars) demonstrates that in the case of PE6100 the changes of are stronger: Δ Ac changes approximately four times more when using PE6100 as a template except for the molar ratio 0.14 where the changes are similar. We should note here that similar comparison between the values of Δ Ac obtained using different Pluronic types as templates is not correct if the thickness values of the films with the same concentration are different because reflectance depends on the film thickness as well in contrast to refractive index that is independent of .
The values on Figure 3 are mean values of four measurements conducted on two samples for each molar ratio at two different points. The deviations from the mean value for each PE : NbCl 5 ratio are presented as error bars in Figure 3 .
After acetone adsorption, the exposed films consist of three phases: dense Nb 2 O 5 , acetone, and air within the pores with respective dielectric functions , Ac , and air and volume fractions ( ) , Ac( ) , and air( ) . Then, BEMA can be written in the following form:
where ( ) is the dielectric function of the film after exposure to acetone vapors. The dielectric functions of air and dense Nb 2 O 5 , air , and , respectively, are not affected by the acetone exposure and their values are the same as the values before acetone exposure.
In (4a), the dielectric functions of dense phase is already determined ( = 2 , Table 1 , sample s1), Ac = 1.85 [20] , air = 1, and ( ) = ( ( ) ) 2 = ( + Δ Ac ) 2 (Table 1) . Because the total volume of the sample does not change after exposure to acetone vapors, the volume fraction of the dense phase is the same ( ( ) = = 1 − air , where air is the volume fraction of air before acetone exposure, Table 1 ). Thus, all unknowns in (4a) are limited only to Ac and air( ) that are easily determined with the help of (4b) (two equations for two unknowns). The calculated amount of adsorbed acetone as a function of added template is presented in Table 1 . The comparison between air and Ac shows that for all samples with PE6100 the adsorbed amount of acetone is approximately 10% of the initial free space inside the films while for PE6800 maximum value of 10% is reached only for the sample with template ratio of 0.14 [20] .
The final step of our investigation concerns the photoluminescence properties of the films and their change after exposure to liquid acetone. Figure 4 (a) presents the photoluminescence (PL) spectra of the samples at room temperature excited at wavelength of 325 nm. A broad emission band is observed for dense Nb 2 O 5 film centered at 411 nm that is consistent with reported data [22] . For porous films, an additional emission band appears at higher wavelength centered at approximately 530 nm and a great intensity growth is observed in comparison with the dense films.
PL emissions originate from the radiative recombination of photo-generated electrons and holes trapped in the band tails. These trapped electrons and holes are associated with the existence of nonbridging oxygen [23] . In wide-gap metal oxides like Nb 2 O 5 PL emission is mainly related to the presence of defects in the solid, including the intrinsic defects due to impurities, vacancies, and interstitial atoms [24] . Usually the short wavelength emission is attributed to the near-band gap emission of Nb 2 O 5 and the long wavelength PL is ascribed to the structure defects [25] . Thus, the low PL intensity can be correlated with both small concentration of nonbridging oxygen [23] in the dense film and low level of defects.
The additional long wavelength PL emission band could be ascribed to structure defects originated from the addition of pores in the dense Nb 2 O 5 template. The PL intensity increases as the disorder in porous films increases. Simultaneously, there is no change of the positions of both PL emission bands (Figure 4(b) ). Figure 5 presents the PL spectra of sample s5 measured before and after exposure to liquid acetone. Sample s5 was chosen for the experiments because it contains the biggest amount of PE6100 and the defect levels for s5 are expected to be the highest. Moreover, both PL peaks for s5 are with similar intensities. This means that near-band gap emission and PL due to the structure defects contribute nearly the same to the overall PL spectra.
It is seen from Figure 5 that acetone has a distinct impact on the PL spectra: the short wavelength PL peak almost disappears and the long wavelength PL peak blue shifted with 13 nm. We may speculate that the polar nature and chemical structure of the acetone molecule have a "passivating" or "occupying" effect on the electronic states responsible for the short wavelength emission, thus suppressing the short wavelength PL peak. The weaker change of long wavelength peak suggests that the acetone affects the PL of the film through an electronic interaction, not through the generation of more defects and disorder.
Conclusions
Thin Nb 2 O 5 films with tailored pore structure at the mesosize range are successfully deposited using combination of both sol-gel and evaporation-induced self-assembly methods. For the films preparation, mixtures of NbCl 5 and Pluronic PE6100 in different ratios are used. A growth in film thickness from 44 to 99 nm is observed when PE6100 : NbCl 5 ratio changes from 0 to 0.07. The thickness growth is associated with a substantial reduction of refractive index from 2.198 to 1.615. Simultaneously, a significant increase of the free volume fraction in film takes place. The comparison between the porosity values for mesoporous Nb 2 O 5 films obtained with different types of templates shows that in the case of PE6100 a significant amount of free volume is achieved at smaller ratios of PE6100 : NbCl 5 . For the lowest ratio studied (0.07 : 1), the free volumes are 46% and 22% when using PE6100 and PE6800, respectively. The conclusion made is that more PPG in polymer molecule favors the generation of stronger porosity as compared to the case when PEG is prevailing. Further increase of PE6100 : NbCl 5 ratio does not lead to remarkable change in and ; reaches value of 1.51 for the ratio of 0.23 and it is not changed further even when PE6100 : NbCl 5 ratio increases twice.
In addition, the potential application of films as sensitive elements of optical vapour sensors is demonstrated. An improvement of sensing properties of mesoporous films is realized as compared to both the dense films and the porous films deposited with the aid of PE6800 as a template. Refractive index changes stepwise when PE6100 concentration increases gradually and reaches value of 0.028 that is almost three times more as compared to the case of PE6800. Moreover, additional calculations show that for all films the adsorbed amount of acetone is approximately 10% of the free space inside the films while for PE6800 a maximum value of 10% is reached only for the film with template ratio of 0.14. For the rest of films with PE6800, only 3% of the free space is occupied with acetone after exposure to acetone vapors.
Room-temperature photoluminescence spectra measured at excitation wavelength of 325 nm showed single peak emission for dense film centered as 411 nm and an additional peak at 530 nm for porous films. The induced disorder and defects due to a presence of pores are the most probable reason for increased PL for porous films as compared to dense one. Furthermore, a significant change of room-temperature photoluminescence spectra of porous films was observed when films are exposed to a drop of liquid acetone. The short wavelength PL peak almost disappears and the long wavelength PL peak blue shifted with 13 nm. On the basis of the observed significant change in the short wavelength peak and weaker change of the long wavelength PL peak, an assumption was made that the acetone affects the PL of the film through an electronic interaction, not through the generation of more defects and disorder.
